Hemorrhagic shock (HS) renders patients susceptible to development of systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS) through mechanisms that are, as yet, unclear. Cell necroptosis, a form of regulated inflammatory cell death, is one of the mechanisms that controls cell release of inflammatory mediators from innate immune cells, 
INTRODUCTION
HS, as a result of severe trauma and major surgery, causes systemic ischemia-reperfusion injury. Hemorrhage causes tissue hypoxia, and resuscitation leads to tissue reoxygenation. These consequent processes activate the innate immune system, initiate inflammatory responses, and promote the development of SIRS and MODS. 1,2 HowAbbreviations: 7-AAD, 7-aminoactinomycin D; ALI, acute lung injury; AM , alveolar macrophages; BALF, bronchoalveolar lavage fluid; BMDM, bone marrow-derived M ; DAMP, damage-associated molecular pattern; Dil, 1,1 ′ -dioctadecyl-3,3,3 ′ ,3 ′ -tetramethyl-indocarbocyanine perchlorate; DMA, dimethyl amiloride; gp91 phox−/− , gp91 knockout; HS, hemorrhagic shock; i.t., intratracheally; MODS, multiple organ dysfunction syndrome; NAC, N-acetylcysteine; Nec-1, necrostatin-1; PMN, polymorphonuclear neutrophils; RIPK, receptor-interacting serine/threonine-protein kinase; ROS, reactive oxygen species; SIRS, systemic inflammatory response syndrome; WT, wild-type ever, the mechanisms underlying HS regulation of the innate immune system have not been fully defined. 3, 4 PMNs are the most abundant circulating leukocytes in humans and play important roles in the innate immune response through rapid recruitment into sites of infection and injury. 5 However, overproduction of hydrolytic enzymes and ROS by PMN have been considered major causes of PMN-mediated damage to local surrounding tissues. 6 PMN apoptosis, a form of regulated noninflammatory cell death, has been reported as an effective approach to control the number of local PMNs, thereby facilitating a negative-feedback mechanism for inflammation and promoting its resolution. 7 However, emerging evidence has shown that other types of regulated inflammatory PMN death may also occur during inflammation, which can exaggerate inflammation through release of DAMPs. 8 Cell necroptosis, a form of regulated inflammatory cell death, is 1 mechanism that controls cell release of inflammatory mediators. 9 Cell necroptosis features RIPK1 activation and necrosome formation, followed by a loss of plasma membrane integrity and the release of cell contents into the extracellular space, which causes increased inflammation. 10 To better understand the mechanism of post-HS inflammation and ultimately to develop effective preventive and therapeutic intervention of post-HS SIRS and MODS, it is essential to obtain insight into the mechanism of HS-mediated regulation of innate immune cell death.
M s are important innate immune cells, associated with post-HS regulation of inflammation. 11 Rather than acting as isolated effector cells, M are in constant communication with other responding cells of the immune system. 12 Studies suggest that M and PMN cooperate as key players in innate immune responses, both in protective processes and damage-associated pathogenesis. 13 Our previous studies have shown that HS-activated PMNs that have migrated into the alveolar space are able to enhance AM inflammatory responses by counteracting anti-inflammatory effects of autophagy in AM and therefore, augment lung injury. 4 However, the role of M in regulation of PMN death following HS has not been defined.
Exosomes are cell-derived, secreted vesicles with bilipid membranous structure. Exosomes are 30-100 nm in size and contain RNA, proteins, and lipids. 14 Most cells can secrete exosomes under normal conditions, whereas under pathologic or stress conditions exosome quantity or content may be altered. 15 Reports suggest that exosomes mediate intercellular communication, stimulate target cells, promote antigen presentation, transfer pathogens, and regulate immune responses. 16, 17 In this study, we investigated the mechanism of AM regulation of PMN necroptosis following HS. With the use of in vivo and ex vivo HS models, we demonstrate that exosomes released from HS-activated AM up-regulate mainly NADPH oxidase-derived ROS production within PMNs, which subsequently promotes PMN necroptosis. These findings suggest a previously unidentified pathway of AM -PMN cross-talk, which causes enhanced PMN necroptosis and subsequent exaggerated post-HS inflammation.
MATERIALS AND METHODS

Animal strains
Male C57BL/6 WT mice and gp91 phox−/− mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). All animal experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committees of the University of Pittsburgh and VA Pittsburgh Healthcare System.
HS mouse model
Mice were anesthetized with 50 mg/kg ketamine and 5 mg/kg xylazine via i.p. administration. Femoral arteries were cannulated for monitoring of mean arterial pressure, blood withdrawal, and resuscitation. HS was initiated by blood withdrawal and reduction of the mean arterial pressure to 28-32 mmHg within 15 min. Blood was collected into a 1 ml syringe and heparinized to prevent clotting. After a hypotensive period of 90 min, animals were resuscitated by transfusion of the shed blood and Ringer's lactate in a volume 3-fold to that of the shed blood over a period of 20 min. The catheters were then removed, the femoral artery was ligated, and the incisions were closed. 18 Sham animals underwent the same surgical procedures without hemorrhage and resuscitation. The animals remained anesthetized throughout the entire experimental period. At 8 h after resuscitation, the animals were euthanized with phenobarbital overdose (100 mg/kg body weight), followed by BAL. BALF was then collected for experimental analysis.
AM depletion
Clodrosome (150 l/mouse; Encapsula NanoSciences, Brentwood, TN, USA) or encapsome (150 µl/mouse, serves as control; Encapsula NanoSciences) 19 was injected i.t. into the mice at 24 h before performing HS or sham operation to delete AM . At 24 h after the clodrosome treatment, AM in BALF were decreased from ∼33 to ∼2%.
PMN isolation
Bone marrow was flushed with prechilled DMEM from femurs and tibias harvested from mice. Cell pellets were collected by centrifugation at 4 • C, and erythrocytes were lysed with RBC lysis buffer (eBioscience, San Diego, CA, USA). The immunomagnetic separation system (BD Biosciences, San Jose, CA, USA) was used to isolate PMN from bone marrow. 20 The anti-mouse Ly6G and Ly6C particle magnetic nanoparticle-conjugated antibodies were chosen to label and isolate PMNs. The resulting cells consisted of >90% PMN, and viability of the isolated PMN was >95%, as assessed by flow cytometry and WrightGiemsa staining, respectively.
BMDM isolation and culture
Bone marrow was flushed with prechilled DMEM from femurs and tibias harvested from mice. Cell pellets were collected and lysed erythrocytes with RBC lysis buffer. The resultant cells were suspended in BMDM culture medium (DMEM containing 10% FBS, supplemented with 50 g/ml penicillin/streptomycin and 10 ng/ml recombinant M-CSF; Thermo Fisher Scientific, Waltham, MA, USA) at a concentration of 10 6 cells/ml and seeded into 6-cm plates. BMDM culture medium was changed on days 3 and 5. BMDMs were fully differentiated and ready for use at day 7.
PMN and BMDM coculture
PMNs and BMDMs were cocultured at a 1:1 ratio mix. After coculture, cells were harvested, and PMNs from the cell culture were defined by double-staining of anti-mouse Ly6G and CD11b antibodies detected by flow cytometry.
Cell hypoxia and reoxygenation model
To mimic an in vivo condition of ischemia-reperfusion, which results in hypoxia and reoxygenation, PMNs and M s were treated in vitro with hypoxia-reoxygenation. Hypoxia conditions were obtained by placing the cells into a modular incubator chamber (Billups-Rothenberg, Del Mar, CA, USA), flushed with a hypoxic gas mixture containing 1% O 2 , 5% CO 2 , and 94% N 2 . After 15 h, hypoxic cultures were returned for reoxygenation in the normoxic incubator. Cells that were only incubated under normoxic conditions (21% O 2 ) served as controls.
Exosome isolation and characterization
Exosomes were isolated from culture supernatants of BMDMs main- The morphology of the exosomes was characterized using transmission electron microscopy. To detect the exosome marker proteins, 100 µl exosomes isolated from medium or BALF were incubated with 10 µl aldehyde/sulfate latex beads (4 µm diameter; Thermo Fisher Scientific) for 15 min at 4 • C. PBS was then added to the exosomes to expand the total volume to 400 µl, followed by incubation at 4 • C with gentle agitation overnight. Exosome-coated beads were stained with PE anti-mouse CD63 antibody or mouse IgG (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h at room temperature and analyzed by flow cytometry. 21 
Transmission electron microscopy
After isolation of exosomes, the pellets were fixed with 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The fixed pellets were placed on 100-mesh, carbon-coated, Formvar-coated nickel grids treated with poly-L-lysine for ∼30 min. After washing the samples with several drops of PBS, samples were incubated with drops of buffered 1% glutaraldehyde for 5 min and then washed several times with drops of distilled water. Afterward, samples were negatively stained with drops of Millipore-filtered aqueous 4% uranyl acetate for 5 min. Stain was blotted dry from the grids with filter paper, and samples were allowed to dry. 21 Samples were then examined using JEM-1400 transmission electron microscope (Jeol USA, Peabody, MA, USA).
Confocal immunofluorescence
PMNs were seeded in the glass-bottom Petri dish (P35G-0-10-C; MatTek, Ashland, MA, USA) and fixed with 4% paraformaldehyde for 15 min at room temperature. After washing with PBS, the cells were permeabilized with 0.01% Triton X-100 in PBS for 15 min at room temperature, followed by blocking with 5% BSA in PBS for 1 h at room temperature. The cells were then incubated with primary antibodies at 4 • C overnight, followed by incubation with fluorescenceconjugated secondary antibodies for 1 h at room temperature. Cell nuclei were stained with Hoechst 33258 (Sigma-Aldrich, St. Louis, MO, USA). PMNs were then measured by confocal microscopy (FluoView FV1000; Olympus America, Center Valley, PA, USA). 22 After BMDMderived exosomes were labeled with Dil cell-labeling solutions at 37 • C for 20 min, the Dil-labeled exosomes were washed with PBS twice and incubated with PMNs at 37 • C for 2 h. Cell nuclei were counterstained with Hoechst 33258. Fluorescence images were captured by confocal microscopy. 23 
Reagents
Data presentation and statistical analysis
The data are presented as means ± SEM of the indicated number of experiments. SPSS 22.0 was used for statistical analysis. Significance between groups was determined using 1-way ANOVA or 2-tailed Student's t test. P < 0.05 was considered as statistically significant.
RESULTS
M promote PMN necroptosis following HS
To determine the role of M in regulation of alveolar PMN death following HS, we specifically deleted AM using clodrosomes given to mice i.t. At 24 h after clodrosome treatment, AM in BALF significantly decreased from ∼30 to ∼2% (Fig. 1A ). Mice, with or without AM depletion, were subjected to HS and resuscitation, and at 8 h after resuscitation, alveolar PMNs were defined as Ly6G-positive cells by flow cytometry, and cell death was assessed by double-positive staining with 7-AAD and Annexin V, also measured by flow cytometry. We found that at 8 h after HS, alveolar PMN death was ∼38% compared with PMN death of only ∼5% in BALF from sham mice (Fig. 1B) .
However, AM depletion significantly decreased the HS-induced PMN death to ∼18% (Fig. 1B) . 1D , Nec-1 effectively prevented PMN death, suggesting that PMN necroptosis is a major form of PMN cell death in these experimental conditions. To confirm PMN necroptosis, PMNs were double stained for RIPK1 and RIPK3, and colocalization of RIPK1 and RIPK3, which represents formation of the necrosome, was visualized by confocal microscopy. 24 As shown in Fig. 1E , PMNs cocultured with BMDMs increased necrosome formation in response to hypoxiareoxygenation. Likewise, PMNs, collected at 8 h following in vivo HS, demonstrated increased necrosome formation, whereas AM depletion markedly decreased the necrosome formation in alveolar PMNs after HS (Fig. 1F) .
Collectively, these results indicate that M promote PMN necroptosis in HS.
M -derived exosomes mediate PMN necroptosis following HS
Recently, exosomes have been identified as novel factors that mediate the pathogenesis of inflammation, as a result of their role in intercellular communication by transferring functional proteins, lipids, and microRNAs. 25 M -derived exosomes represent a large portion of circulating microvesicles in blood. 26 To determine whether AM -derived exosomes play a role in promoting PMN necroptosis following HS, we (25 µg/ml), 21 followed by hypoxia-reoxygenation. Figure 2D shows that DMA effectively prevented PMN cell death induced by BMDM.
In addition, confocal microscopy showed that DMA attenuated BMDM-induced RIPK1-RIPK3 colocalization in PMN (Fig. 2E) Fig. 2F) . M culture medium with no exosomes did not induce PMN death (Fig. 2F ). In addition, at 2 h after treatment of PMN with Dil-labeled exosomes, we observed PMN internalization of exosomes (Fig. 2G) . Taken together, these results indicate that HS induces M secretion of exosomes, which in turn, can promote PMN necroptosis.
ROS mediates PMN necroptosis in response to exosomes
As shown in Fig. 3A , PMNs cocultured with M had increased ROS production even under normoxic condition, but PMN ROS level was significantly increased after coculture with M under hypoxiareoxygenation conditions. Additionally, treatment of cocultures with ROS scavenger NAC (50 µg/ml) significantly decreased PMN death (Fig. 3B) .
To determine the role of M -derived exosomes in up-regulation of ROS in PMN, we treated PMN-M cocultures with DMA. As shown in Fig. 3C , DMA prevented increased ROS production in PMN cocultured with M under hypoxia-reoxygenation conditions.
To confirm further that M -derived exosomes are the mediators promoting intra-PMN ROS production, we isolated exosomes from culture medium of M treated with hypoxia-reoxygenation or normoxia and then added these exosomes to PMNs and incubated the PMNs for 20 h under normoxic conditions. As shown in Fig. 3D , exosomes from hypoxia-reoxygenation-treated M medium significantly increased ROS level in PMNs, and this was significantly attenuated in PMN treated with M culture medium with exosomes removed (Fig.   3D ). Collectively, these results indicate that M -derived exosomes induce intra-PMN ROS production, which in turn, mediates PMN necroptosis.
The role of NADPH oxidase in M -induced PMN necroptosis
Previous studies from our lab 1, 27 have suggested that NADPH oxidase is a major source of ROS that mediate inflammation and tissue injury in HS. To address whether PMN NADPH oxidase plays an important role in neutrophil necroptosis following HS, WT and gp91 phox−/− mice, in which the gp91phox component of NADPH oxidase is genetically deleted, and NADPH oxidase is dysfunctional, 28 were subjected to HS or sham operation, and at 8 h after HS, the alveolar PMN death rate was measured. gp91 phox−/− prevented HS-induced PMN death (Fig. 4A ) and necrosome formation, as represented by colocalization of RIPK1 and RIPK3 in PMN (Fig. 4B) . 
DISCUSSION
SIRS and MODS are common post-HS complications leading to high morbidity and mortality. 29 ALI is an important component of MODS and often serves as a direct cause of death. Previous studies have shown that HS promotes the development of ALI by priming for exaggerated inflammation in the lung. 30 However, the underlying mechanism for this exaggerated inflammation has yet to be fully elucidated.
Our current study demonstrates that HS induces PMN necroptosis, a form of inflammatory cell death, and M -derived exosomes serve as a cell death signal to mediate PMN necroptosis. As reported previously, PMN necroptosis subsequently enhances inflammation and tissue injury. 22, 31 We have reported that interactions between PMN and AM play an important role in regulating lung inflammation and the development of ALI. 4, 32 For example, we showed that HS-activated PMNs that have migrated into the alveolar space are able to enhance AM inflammatory responses by counteracting anti-inflammatory effects of autophagy in AM , which then augments lung injury. 4 M function and cytokine production can also be enhanced by their interaction with PMNs via recognition of neutrophil-derived extracellular traps. 12, 13 In the current study, however, we explored a previously unidentified role for AM in induction of PMN necroptosis. This finding indicates reciprocal interactions between AM and PMN with a profound impact on the progression of inflammation.
HS and hypoxia-reoxygenation can influence various aspects of PMN biology, such as migration and degranulation. 33 Studies also suggest that hypoxia-reoxygenation inhibits PMN apoptosis and increases PMN survival, thereby promoting tissue injury. 34 ROS are generated from various catalytic pathways mediated by enzymes that are differentially localized inside the cell, including NO synthases, enzymes of the respiratory chain, cytochrome P450 monoxygenases, xanthine oxidase, and NADPH oxidase. 35 The current study demonstrates that ROS, derived from NADPH oxidase, plays an important role in mediating PMN death following HS.
The NADPH oxidase complex is present in a variety of phagocytic and nonphagocytic cells. Phagocytic NADPH oxidase serves a critical function in host defense against invading microorganisms. 36 However, nonphagocytic NADPH oxidase is thought mainly to induce oxidant signaling, although oxidant generation is markedly less in nonphagocytic cells. 36 Therefore, our current study reveals an important signaling function of PMN NADPH oxidase in mediating shock-induced PMN necroptosis. We showed that PMN from gp91 phox−/− mice demonstrated a lower death rate in response to exosomes compared with WT PMN. This difference may reflect the role of endogenous NADPH oxidase in signaling PMN necroptosis following HS. Indeed, it has been well accepted that increased ROS and decreased ATP are two major factors that initiate cell death. 37 However, the detailed mechanism underlying cell death regulation remains unclear.
In summary, this study demonstrates a novel mechanism under- 
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